Background. The origins of steroid-dependent regulation of the vertebrate estrogen receptor (ER) are poorly understood. Genes with statistically significant sequence similarity to vertebrate ERs have been found in lamprey, a basal vertebrate, and amphioxus, a basal chordate. Motif analysis of these sequences provides an opportunity to investigate early events in the evolution of the ER.
conservation of these key residues in lamprey ER and poor conservation in amphioxus ER. Out of seventeen residues on human ERα that bind estradiol, sixteen and six are identical in lamprey and amphioxus ER, respectively. A phylogenetic tree of ERs and ERRs reveals a long branch for amphioxus ER, which is in agreement with the low sequence and motif similarity between amphioxus ER and other ERs.
Conclusions.
There are significant differences between B. floridae ER and vertebrate ERs in the steroid-binding domain as measured by motif analysis and percent of amino acids that are known to stabilize estradiol in human ERα. This suggests that novel steroids regulate transcriptional activity of B. floridae ER. The absence in lamprey ER of motif 10, which maps to the cterminus half of α-helix 9, may be important in recognition of novel estrogens, such as 15α-hydroxy-estradiol.
Key words: estrogen receptor evolution, amphioxus estrogen receptor, lamprey estrogen receptor, invertebrate estrogen receptor, estrogen-related receptor
Background
The physiological actions of estradiol are mediated by binding to the estrogen receptor [ER] , which belongs to the nuclear receptor family, a large and diverse family of transcription factors [1] [2] [3] [4] [5] . Other steroid receptors in this family include the androgen receptor (AR), glucocorticoid receptor (GR), mineralocorticoid receptor (MR) and progesterone receptor (PR).
Phylogenetic analyses of the sequences of their steroid-binding domain reveal that AR, PR, GR and MR cluster together, while the ER is on a separate branch [1, 2, 4, 5] Insights into when adrenal and sex steroids began to regulate gene transcription have come from sequencing of genomes of bacteria, yeast and plants. These genomes do not contain either steroid receptors or other nuclear receptors, indicating that nuclear receptors arose in multicellular animals [2, [4] [5] [6] . Other analyses revealed that adrenal and sex steroid receptors are absent from the fruit fly and roundworm, although these two invertebrates have nuclear receptors.
Recently, the sea urchin genome, a basal deuterostome [ Figure 1 ], was sequenced and found to contain 33 nuclear receptors [7] . None of these nuclear receptors, however, was a steroid receptor. Ciona, a chordate close to vertebrates, also does not contain steroid receptors [8] .
Although, distant relatives of the ER have been found in octopus, snails and other mollusks, these ERs are active in the absence of steroids and do not bind estradiol or other steroids [9] [10] [11] [12] [13] .
Figure 1. Phylogeny of amphioxus and other aeuterostomes.
Sea urchins are at the base of the deuterostome line. Amphioxus and Ciona are close relatives to vertebrates. Ciona [8] and sea urchin [7] do not contain steroid receptors; hagfish [14] and lamprey [15] contain steroid receptors. Distant relatives of the ER have been found in invertebrates, but these ERs do not bind estradiol or other steroids [9] [10] [11] [12] [13] .
Thus, at this time, the most primitive animals that contain clear orthologs of adrenal and sex steroid receptors are lamprey and hagfish [14, 15] , which are jawless fish at the base of the vertebrate line [ Figure 1 ]. Recently, evidence from two sources supports the presence of an estrogen receptor in amphioxus, a basal chordate. First is the report that Branchiostoma belcheri, a pacific amphioxus, contains cytochrome P450s that are necessary for the synthesis of the sex steroids estradiol, testosterone and progesterone, and that these steroids are present in reproductive organs in B. belcheri [16] Our interest in the origin and evolution of adrenal and sex steroid action [5, 6, 17, 18] motivated us to investigate the relationship of the amphioxus and lamprey ERs to teleost and land vertebrate ERs. With this goal in mind, we used artificial intelligence-based software [19, 20] to construct twelve motifs specific to the estrogen-binding domain of ERα and ERβ in teleosts and land vertebrates, and mapped these ER-specific motifs onto amphioxus ER and lamprey ER and used motif analysis to investigate the relationship of invertebrate ERs and the ERR [21] [22] [23] [24] to estrogen-binding ERs. We find that lamprey ER contains eleven of these twelve motifs, while amphioxus ER contains only six motifs. We also find that various invertebrate ERs contain either seven or eight of these motifs. Unexpectedly, amphioxus and human ERRs contain nine motifs. It appears that despite extensive sequence divergence during the descent of ER and ERRs from a common ancestor [22] [23] [24] several ancestral motifs were conserved.
Results

Motif analysis of ERα and ERβ in land vertebrates and teleosts
MEME determined twelve motifs from three training sets: ERα alone, ERβ alone and the combined ERα and ERβ set, which were mapped by MAST onto various ERs and ERRs in schematics shown in Figure 2 MAST analysis of MEME motifs for the ERα training set Twelve motifs calculated by MEME for the ERα training set were mapped by MAST onto the sequences of various ERs and ERRs. Comparisons with the data in Figures 3 and 4 reveals that the position of some motifs differs for human ERα and ERβ, depending on the training set. The E-value of a sequence in the MAST output is the expected number of sequences in a random database that would match the motifs as well as the sequence does.
Figure 3. MAST analysis of MEME motifs for ERβ training set
Twelve motifs calculated by MEME for the ERβ training set were mapped by MAST onto the sequences of various ERs and ERRs. The twelve motifs calculated by MEME for the three training sets were mapped by MAST onto the sequences of human ERα and ERβ. The α-helices and β-strands from the crystal structures of human ERα and ERβ are shaded. Residues in human ERα that are involved in binding of estradiol [25] are shown in green.
Examination of Figure 4 reveals that lamprey contains eleven out of twelve motifs constructed from the combined ERα and ERβ training set. Amphioxus ER contains six of the twelve motifs in this training set. Invertebrate ERs contain either seven or eight motifs, while amphioxus and human ERR contain nine of the twelve motifs.
Mapping of motifs on sequences of human ERα, ERβ, lamprey ER and amphioxus ER.
In Figure 6 we show the motifs for the ERα and ERβ training set mapped onto a multiple alignment of human ERα, ERβ, lamprey ER and amphioxus ER. Figure 6 also shows the α-helices and β-strands of the 3D structure of ERα and ERβ and amino acids that have been found to be important in binding of estradiol to human ERα [25, 26] . The twelve motifs calculated by MEME for the combined ERα and ERβ training set were mapped by MAST onto the sequences of human, lamprey and amphioxus ERs. The α-helices and β-strands from the crystal structures of human ERα and ERβ are shaded. Residues in human ERα that are involved in binding of estradiol [25] are shown in green.
Lamprey lacks motif 10, which maps to α-helix 9 [ Figure 6 ]. Amphioxus ER lacks motifs 2,3,4, 8,10,12 which map to α-helix 11, β-strand 1, α-helices 6 and 7, α-helix 3, α-helix 9 and α-helix 1, respectively. Invertebrate ERs lack motifs 2, 4, 10-12. Oyster and aplysia ER contain motif 8; the other invertebrate ERs lack this motif. Amphioxus and human ERR lack motifs 4, 10 and 11. Table 1 summarizes the order and spacing between motifs ERs and ERRs [Also see . Both motif order and spacing are conserved in vertebrate ERs. One intriguing exception is the space of 9 residues between motif 8 and motif 12 in human and chick ERβ. In other vertebrate ERs, this distance is 10 residues. In amphioxus ER, the spacing between motif 7 and motif 9 is only 37 residues, which is close to the distance of 34 residues found in amphioxus and human ERR and several invertebrate ERs. In contrast, vertebrate ERs have a spacing of 45 residues between motifs seven and nine.
Phylogenetic analysis of ER and ERR
To better understand the relationship of amphioxus and lamprey ER to other ERs and ERRs, we constructed a phylogenetic tree of their steroid-binding domains. As seen in Figure 7 , lamprey ER clusters at the base of the ERα clade, while amphioxus ER on a long branch, indicating that it has diverged substantially from vertebrate ERs, in agreement with the MAST analysis [ Figure 4 ].
Figure 7. Phylogenetic tree of human ERα, ERβ, ERR, lamprey ER and amphioxus ER and ERR.
Clustal X was used to aligned ERs and ERRs [27] . The phylogenetic tree was constructed with the neighbor-joining algorithm [28] with a correction of branch lengths for rate heterogeneity between sites. Branch lengths are proportional to the distance between proteins. Shown at the nodes are bootstrap values for each branch of the tree, which is the percent this cluster was found in the 1,000 bootstrap trials. Branches with bootstrap values that are greater than fifty percent are significant. Accessions for the sequences are human ERR3 
Discussion
The recently available sequence of an amphioxus ER, when combined with the lamprey ER sequence provides an opportunity to investigate early events in the evolution of the ER. In this report we have subjected these sequences and other ER sequences to motif analysis to investigate similarities and differences among amphioxus ER, lamprey ER, other vertebrate and invertebrate ERs and human and amphioxus ERR.
Lamprey ER
Although steroid binding to lamprey ER and amphioxus ER has not been reported, much is known about the binding of estradiol to mammalian ERs from an analysis of their 3D structures [25, 26] , which facilitates analysis of the estrogen-binding domain in lamprey and amphioxus ER. As shown in Figure 6 , sixteen out of seventeen amino acids that interact with estradiol on human ERα are identical in lamprey ER. Only Met-409 in lamprey ER differs from Ile-424 in human ERα. MEME and MAST analyses show that lamprey is close to land vertebrate ERs, as found previously [15] . MEME identifies motif 10, which is in the c-terminal half of α-helix 9, as one region in which changes occurred in land and telost ERs during their evolution from their common ancestor with lamprey ER.
Data on the steroid specificity of lamprey ER have not been reported. Interestingly, lamprey has notable differences in its steroid profile in serum compared to humans [29] [30] [31] [32] .
Lamprey serum contains 15α-hydroxy-steroids, including 15α-hydroxy-estradiol and 15α-hydroxy-estrone. The differences in c-terminal half of lamprey α-helix 9 may be important in binding of 15α-hydroxy-steroids.
Amphioxus ER
In contrast to lamprey ER, amphioxus ER displays significant divergence in key residues that bind estradiol in ERα [25, 26] [ Figure 6 ]. Only six out of seventeen residues are identical.
One important difference is Cys-197 in amphioxus ER, instead of Arg-394 in human ERα. As seen in Figure 8 , Arg-394 has a stabilizing hydrogen bond with the C3 hydroxyl in estradiol.
Moreover, the AR, GR, MR and PR have a corresponding arginine that stabilizes binding of the C3 carbonyl on their cognate steroids [24, 25] . Also, as shown in Figure 8 , Phe-404 in human ERα is replaced with Leu-208 in amphioxus ER. Phe-404 stabilizes the side chain of Arg-394 in ERα [25, 26] . A corresponding phenylalanine stabilizes the corresponding arginine in the AR, GR, MR and PR. Thus, these differences between amphioxus and human ER are likely to be important in steroid binding. Although these and other sequence differences suggest that amphioxus ER binds novel steroids, there is a caveat that the tertiary structure of amphioxus ER may fold so that other residues stabilize estradiol.
Figure 8. Comparison of key estrogen-binding residues in human ERα with corresponding residues in lamprey and amphioxus ER.
Amino acids in the estrogen-binding site of human ERα [25] are shown along with those residues in human ERβ, amphioxus and lamprey ER that align in Figure 6 . Glu-353, Arg-394, Phe-404 and His-524 are conserved in vertebrate ERs. Amphioxus ER Glu-156 and His-321 match Glu-353 and His 524. However, amphioxus ER Cys-197 and Leu-208 match Arg-394 and Phe-404, respectively. Lamprey ER conserves all four residues.
Human ERα and ERβ
A nice surprise was that MEME uncovered differences between the estrogen-binding domains on human ERα and ERβ. As seen in Figures 3 to 5 , there are differences between human ERα and ERβ in the location of several motifs, even though human ERα and ERβ sequences are 59% identical [83% positive matches]. This sequence similarity is reflected in similar, but not identical, affinities for estrogens and various plant-derived chemicals such as genistein, a component in soy [33] . In fact, differences in ligand-binding between human ERα and ERβ are of interest because in some tissues these ERs appear to have opposite activities [34] [35] [36] . For example, ERα promotes prostate cell proliferation, while ERβ inhibits proliferation.
Thus, there is considerable effort to find chemicals that specifically stimulate ERβ-mediated transcription or inhibit ERα-mediated transcription. Motif analysis of human ERα and ERβ may help in structural analyses in pursuit of selective drugs to modulate the actions of these ERs.
Evolution of Steroid Binding to the ER
Because steroid receptors are absent in Ciona [8] , amphioxus is the most basal deuterostome in which there appears to be an ER that could be activated by steroids [16, 37, 38] .
The phylogenetic tree shows that the steroid-binding domain on amphioxus ER is 8.8 units from node A, from where ERRs and vertebrate and invertebrate ERs diverge [ Figure 7 ]. In contrast, amphioxus ERR and human ERR are 7 units and 7.3 units, respectively, from node A. Thais ER and octopus ER are 7.6 units and 11 units, respectively, from node A. Thus, the phylogenetic analysis of ERs and ERRs is in agreement with the MAST scores, which have amphioxus ER distant from vertebrate ERs. MAST analysis also places amphioxus ERR closer to vertebrate ERs than is either amphioxus ER or invertebrate ERs.
The long distance of amphioxus ER branch from node A suggests that this ER has undergone substantial changes in sequence after it diverged from the line leading to vertebrates.
A rapidly evolving amphioxus ER sequence may be due to specific responses of B. floridae to natural selection or, alternatively, extensive sequence changes may be found in other amphioxus ERs. Regarding the first possibility, significant differences in the rate of sequence change have been found between two roundworm species, Caenorhabditis and Trichinella [39] , and two tunicates, Ciona intestinalis and Oikopleura dioica [40] . In the light of these two examples of uneven rate of sequence evolution in related species, it may be that there has been less sequence change in ER from B. belcheri or another amphioxus species during their divergence from a common ancestor with vertebrate ERs. If such amphioxus ERs exist, then their sequences would assist in elucidating the early stages in the evolution of estrogen binding in nuclear receptors.
It is not known which ligands regulate transcriptional activity of amphioxus ER [35] .
There is evidence that amphioxus can synthesize estradiol [16, 38] , but the presence of various estradiol derivatives, such as 15α-hydroxy-estradiol, has not been investigated. The ligandbinding domain in amphioxus ER and human ERα are about 35% identical, which suggests differences in substrate specificity, especially in view of the low conservation in B. floridae ER of key residues that bind estradiol in human ERα [Figures 6, 8] and differences in conservation of motifs [ Figure 4 ]. It may be that B. floridae ER is regulated by a novel estradiol derivative, such as 15α-hydroxy-estradiol [29] [30] [31] [32] , or other steroids, such as a Δ5 steroid [17, 18, 33] , or possibly more novel ligands.
Conclusions.
Motif analysis identifies regions of similarity and divergence between amphioxus ER and vertebrate ERs, as well as similarities and differences between vertebrate ERs and chordate 
Methods
Motif analysis
Motifs for vertebrate ERs were discovered using MEME [Multiple Expectationmaximum for Motif Elicitation], which has been described in detail elsewhere [19, 20] . Briefly, MEME is an artificial-intelligence-based motif analysis tool that, given a set of unaligned sequences, identifies in an unbiased, automated fashion the conserved regions [i.e. motifs] that are characteristic of the dataset [e.g. in this paper, vertebrate ERs]. MEME uses statistical modeling techniques to automatically choose the best width, number of occurrences, and description for each motif in a collection of ER sequences. The MEME output includes a representation of each motif in the input dataset [e.g. vertebrate ERs] as a position-dependent probability matrix, or log-odds matrix. Each column of the matrix gives the probabilities of each residue at that position. 
Selection of the ER training set for MEME analysis
In collecting sequences for MEME, we were limited by the strong sequence conservation of vertebrate ERα and ERβ. The amino acid sequences of human ERα and mouse ERα are 95% identical, with 97% positive matches. Positive matches include conservative replacements such as lysine and arginine or aspartic acid and glutamic acid. Thus, there is little additional information about the divergence of an estrogen receptor, when comparing human and mouse ERα. Comparisons of human ERα and ERβ with non-mammalian ERs were more encouraging.
For example, human and Xenopus tropicalis ERα are 80% identical, with 92% positive matches, and human and X. tropicalis ERβ are 75% identical, with 86% positive matches. Human ERα and ERβ are 59% identical, with 83% positive matches. With this sequence conservation in mind, we selected ER sequences from human, chicken, frog, and two fish: zebrafish and cichlid for MEME analysis, to provide MEME with a diverse training set for investigating differences and similarities between amphioxus ER and vertebrate ERs. and ERβ [GenBank:ABI18967]. MEME calculated the first 12 motifs of the training set of ERα and ERβ, selecting optimal motifs between six and fifteen amino acids. We limited the motif length to fifteen amino acids to increase the resolution of the analysis of ERs and ERRs. With the exception of motif eleven, which contained fourteen residues, the other motifs contained fifteen residues. Thus, the motifs characterize 179 residues of the training set. MEME also calculated 12 motifs for the ERα training set and the ERβ training set. Then MAST mapped the twelve motifs onto various ERs and ERRs.
Clustal X [27] was used to construct a multiple alignment of ERs and ERRs for construction of a phylogenetic tree using the neighbor-joining algorithm [28] with a correction of branch lengths for rate heterogeneity between sites.
